methods, intensive efforts have been undertaken to supplement the scarcity of hydrogeological data with densely
formation on the state of the flow system to infer the soil hydraulic properties using hydrodynamic inverse modeling methods (Š imunek and van Genuchten, 1996; Durner et al., 1999; Romano and Santini, 1999 ; Hughson C haracterization of vadose zone hydraulic propand Yeh, 2000; Hopmans et al., 2002) . With these metherties remains a major challenge in the soil and hyods, state variables of the dynamic flow system are comdrologic sciences. New appropriate methods are needed bined with a validated hydrodynamic model and an for many agricultural and environmental engineering appropriate optimization algorithm to estimate the soil applications involving water flow and solute transport hydraulic parameters. The inversion is based on the opmodeling. It has become evident that modeling detailed timization of an objective function that represents the spatial distributions of water and solutes in the heterogeerror between the measured response of the soil system neous subsurface requires extensive site characterizaand the simulated response with the given model subject tion for determining the spatial distribution of the soil to a trial parameter set. Among existing hydrodynamic hydraulic properties, including the water retention curve inverse modeling procedures, the method proposed by and the hydraulic conductivity function (Yeh, 1998) . CharLambot et al. (2002 CharLambot et al. ( , 2004a appears to be very promising acterizing this variability with conventional laboratory to perform nondestructive hydraulic characterizations or in situ downhole methods is invasive, and thus, timeof the subsurface. Indeed, it requires only soil moisture consuming, costly, and subject to a high degree of untime series gathered during a natural infiltration process certainty due to a lack of densely sampled in situ hydroas input. Soil moisture, in contrast to the conventionally logical measurements. Given the limitations of these used pressure head or flow data, is potentially obtainable from near-surface remote sensing using GPR.
ising new integrated tool for laboratory and in situ characterization of the soil hydraulic properties. In addition, we compare GPR with direct conventional characterization methods and with TDR, which is already well established in the field of hydrodynamic inverse modeling. The main limitation of TDR is that it requires careful insertion of a probe into the soil. In this study, TDR is also used to monitor the soil electric conductivity. The electric conductivity, which is widely used for monitoring of contaminants, may be estimated from our GPR technique as well. Following Lambot et al. (2004b Lambot et al. ( , 2004c , the GPR system adopted in this study consists of an UWB-SFCW radar combined with a monostatic TEM horn antenna to be used off ground. This radar configuration is of practical interest because of its high mobility, but also because it enables realistic and efficient forward modeling of the radar-antenna-subsurface system (Lambot inversion of a single GPR signal (Lambot et al., 2004c) . Traditional GPR techniques for measuring the depthmobility. Also, the ground can be situated in the Fraundependent soil water content usually require several hofer region (far-field) of the antenna, which can then measurements with two antennas in contact with the soil, be modeled simply and accurately as a point source and or lowered into boreholes, to characterize a single proreceiver, instead of a spatially distributed source and file (Nakashima et al., 2001; Garambois et al., 2002; Huisreceiver (Hansen and Bailin, 1959; Balanis, 1997) . The man et al., 2003) . This severely restricts high-resolution monostatic mode permits efficient and realistic forward and real-time mapping applications. To partly circumvent modeling of the radar-antenna-subsurface system, since these limitations, Serbin and Or (2003) promoted the use in this mode the received signal propagates mostly along of an off-ground monostatic horn antenna system and the antenna axial direction. As a result, antenna modelused it for identifying the water content of the surface ing does not require knowledge of the source radiation soil skin (2 cm) from the surface reflection coefficient.
pattern. Also, the stochastic horizontal variability of the dielectric properties inherently encountered in environ-
Ground Penetrating Radar System
mental systems is expected to play a negligible role, such that the ground can be modeled accurately by means Following Lambot et al. (2003 Lambot et al. ( , 2004b Lambot et al. ( , 2004c , we used of a horizontally multilayered configuration, for which an UWB-SFCW radar combined with an off-ground closed form analytical expressions can be derived by somonostatic traveling wave TEM horn antenna. A SFCW lution of the system of Maxwell's equations. Finally, in radar is a continuous wave system in which the carrier monostatic mode, there is no coupling (direct air wave) frequency is changed with a fixed step. A SFCW wavebetween the antennas. In bistatic mode of operation, form is transmitted, sweeping a bandwidth at discrete direct signals are the main source of noise. frequency values. A TEM horn antenna consists of a pair of triangular conductors forming a V structure guiding essentially a TEM mode between its antenna plates (i.e.,
Inversion of the GPR Signal
the electric and magnetic fields are transverse to the Antenna Equation in the Frequency Domain propagation direction).
This radar configuration has several advantages over In this study, a monostatic UWB-SFCW radar system commonly used time domain technologies and groundwas set up using a vector network analyzer (VNA). As based bistatic antenna systems. The major value of a a result, the GPR signal to be modeled consists of the SFCW radar stems from the potential for controlling frequency-dependent complex ratio S 11 () between the an UWB, which is needed for better depth resolution returned signal and the emitted signal, being the anguand to obtain more information from the subsurface. lar frequency. The VNA reference plane where S 11 () Commercially available time domain GPR systems genis actually measured was established at the connection erally have a bandwidth limited to Ͻ1 GHz. Moreover, between the antenna feed point and the VNA cable. the signal/noise ratio and the dynamic range of SFCW Lambot et al. (2004c) proposed the block diagram radars is better than for time domain systems since the depicted in Fig. 1 as the antenna model. The model conmean radiated power is much higher and each sampled sists in a simple linear system composed of elementary frequency is an independent measurement. model components in series and parallel, all characterThe high directivity (focused beaming) of the TEM ized by their own frequency response function accounthorn yields high spatial resolution data and enables offing for specific electromagnetic phenomena. The resulting transfer function relating S 11 () measured by ground measurements, which ensures a high degree of the VNA to the frequency response G xx ↑ () of the multilayered medium (air-subsurface system) is expressed in the frequency domain by
where Y() and X() are, respectively, the received and emitted signals at the VNA reference plane; H i (), H t (), H r (), and H f () are the complex return loss, transmitting, receiving, and feedback loss transfer functions of the antenna, respectively; and G xx ↑ () is the transfer function of the air-subsurface system modeled as a multilayered medium. Equation Due to variations in the impedance between the antenna feed point, antenna aperture, and air, multiple wave reflections (ringing) occur within the antenna. The independent of the backscattered electromagnetic field G xx ↑ (). The transmitting and receiving transfer funcSlob and Fokkema (2002) and Lambot et al. (2004c) , the tions describe the antenna gain and phase delay between analytic expression for Green's function in the spectral the measurement point and the source and receiver virdomain (two-dimensional spatial Fourier domain) for tual point. The positive feedback loop with transfer funcour specific source and receiver configuration is found tion H f (), similarly to H i (), accounts for impedance to be variations between the antenna feed point, antenna aperture, and air, which cause a part of the backscattered G
[2] field to be reflected again toward the subsurface. This leads to multiple wave reflections between the antenna where the subscript n equals 1 and denotes here the first and the subsurface. We refer the reader to Lambot et al. interface and first layer; R n TM and R n TE are the transverse (2004c) for additional details on estimating these characmagnetic and transverse electric global reflection coeffiteristic antenna response functions.
cients accounting for all reflections and multiples from subsurface interfaces, respectively; ⌫ n is the vertical waveGreen's Function number defined as ⌫ n ϭ ͌(k p 2 ϩ n n ) where k p is a spectral domain transform parameter, n ϭ j n , n ϭ n ϩ The air-subsurface system is modeled as a threejε n , and j ϭ ͌Ϫ1. dimensional stratified dielectric and conductive planar
The global TM-mode and TE-mode reflection coeffisystem consisting of N horizontal layers (vertical in our cients at interface n (n ϭ 1, . . ., N Ϫ 1) are given by study) separated by N Ϫ 1 interfaces parallel to the x ŷ plane, as illustrated in Fig. 2 . The nth layer is homoge-R
[3] neous and characterized by a dielectric permittivity ε n , electric conductivity n , and thickness h n . The magnetic permeability is considered constant and equal to the r
[4] free space permeability 0 . The emitting part of the TEM horn antenna is approximated by an infinitesimal horizontal x-directed electric dipole [i.e., the second sub-R
whereas the receiving part of the antenna is emulated by recording the horizontal x-directed r
The point source is located at the origin S of the coordinate system. The use of a threewhere r n TM and r n TE denote the local-plane wave TM and TE mode reflection coefficients, respectively, at interdimensional model is essential to account for the spherical divergence (geometric spreading) in wave propagation.
face n. These expressions are in a recursive form. The recursion is initiated by the observation that there are The theoretical basis for GPR wave propagation is given by Maxwell's equations. Green's function (i.e., the no upgoing waves from the lower (left) half-space, such that R NϪ1 TM ϭ r NϪ1 TM and R NϪ1 TE ϭ R nϪ1 TE . The local reflection solution of Maxwell's equations) for electromagnetic waves propagating in multilayered media is well known coefficients determine that part of the electromagnetic wave reflected at a dielectric interface, while the other (Arbel and Felsen, 1963; Tai, 1994; Michalski and Mosig, 1997; Peterson et al., 1998) . Following the approach of part is transmitted.
The transformation of Eq.
[2] from the spectral do-
Hydrodynamic Modeling and Inversion
main to the spatial domain is performed by employing The governing flow model relates the subsurface hythe two-dimensional Fourier inverse transformation: draulic properties to the response of the system (i.e., the soil moisture time series), which constitutes simul-G
taneously in this study the output of the GPR signal electromagnetic inversion and the input of the hydrodynamic inversion. One-dimensional vertical transient water which reduces to a single integral in view of the invariflow in homogeneous isotropic rigid porous media is ance of the dielectric properties along the x and y coordidescribed by the Richards equation, expressed here in nates and the monostatic mode configuration. The inteterms of pressure head (Jury et al., 1996) : gral can be computed with standard integration routines using Gaussian-like quadrature. Green's function (Eq. [7] ) represents the x component of the backscattered electric
[9] field (expressed by the up arrow in G xx ↑ ) at the virtual source point of the antenna for a unit strength x-directed where h is the time-and depth-dependent pressure head, electric source.
C(h) ϭ ‫(ץ‬h)/‫ץ‬h is the differential water capacity with Since in this study we are only interested in measuring (h) being the water retention curve and the volumetthe soil water content, which is directly related to the diric water content, K() is the hydraulic conductivity, electric permittivity, we consider an inverse modeling t is time, and z is depth taken positive downward. The analysis in which the frequency-dependent dielectric parelations (h) and K() are the constitutive functions rameters are replaced by frequency-independent effecthat describe the soil hydraulic properties. In this study, tive parameters. Lambot et al. (2004c) previously showed Eq.
[9] is solved subject to the following initial and that the dielectric permittivity of sand, in contrast to the boundary conditions: electric conductivity, is almost frequency independent in
[10a] the frequency range considered. This simplification reduces the number of parameters to be estimated in the
Objective Function that prescribe at the upper boundary a zero flux condition, and at the lower boundary a variable positive presSubsurface parameter identification by inverse modsure head, with L being the soil profile length. eling is a nonlinear optimization problem that consists
The nonhysteretic unimodal Mualem-van Genuchten of finding the parameter vector b ϭ [ε n , n ,h n ] T , n ϭ 1···N, model (MVG) (Mualem, 1976; van Genuchten, 1980) such that an objective function φ(b) is minimized. For is used in this study to describe the soil hydraulic properthe particular case where no prior information about the ties. The water retention curve is given by parameters is used and assuming that observation errors are normally distributed with mean zero and covariance
[11] matrix C, independent, and homoskedastic, the maximum where r and s are the residual and saturated water likelihood theory reduces to a weighted least squares contents, respectively; ␣ and n are curve shape paramproblem. The objective function to be minimized is deeters inversely related to the air-entry value and the fined accordingly as follows (Bard, 1974; Press, 1992) :
width of the pore size distribution, respectively; and m
is restricted by the Mualem condition m ϭ 1 Ϫ 1/n, with n Ͼ 1. The hydraulic conductivity relationship is where G xx ↑ ϭ G xx ↑ () and G xx ↑ ϭ G xx ↑ (,b) are vectors congiven by taining, respectively, the observed and simulated response functions. Since the response function is a com-
[12] plex function, the difference between observed and modeled data is expressed by the amplitude of the errors in where K s is the saturated hydraulic conductivity, Se ϭ the complex plane.
( Ϫ r )/( s Ϫ r ) is effective saturation, and is a factor Objective function Eq. [8] indirectly relates the response that accounts for pore connectivity or pore tortuosity. function of the multilayered medium to its constitutive parameters. However, as for most electromagnetic in-A high value of corresponds to a low pore connectivity or a high pore tortuosity. verse problems, this function is highly nonlinear and characterized by oscillatory behavior and a multitude Differential Eq.
[9] is solved numerically by finite differences using a MATLAB (The MathWorks, 1999) of local minima. This complex topography necessitates the use of a robust global optimization algorithm. Folimplementation of the WAVE model . In this code, a fully implicit scheme is used to adlowing the approach of Lambot et al. (2002 Lambot et al. ( , 2004b , we used the global multilevel coordinate search (GMCS) vance the solution in time with automatically adjusting time steps on the basis of a mass conservative converalgorithm (Huyer and Neumaier, 1999) combined sequentially with the classical Nelder-Mead simplex algogence criterion. Instantaneous relative errors in the mass balance were Ͻ10
Ϫ4
. We discretized the spatial flow dorithm (NMS) (Lagarias et al., 1998). main into 93 equidistant elements each representing 2 cm of the 186-cm-deep sand profile.
The total number of unknown hydraulic parameters in the MVG model is six, that is, r , s , ␣, and n for the water retention curve plus K s and for the unsaturated hydraulic conductivity. s has a clear physical significance and can easily be obtained by direct measurements. r is usually defined as the residual water content corresponding to a value of h → Ϫ∞. Generally, this parameter is regarded as an empirical parameter and can be fixed either to a value that yields the best fit to the experimental water retention data (Kool et al., 1985) , or to zero (Nimmo, 1991; Fuentes et al., 1992 Assuming measurement errors to be Gaussian distributed with mean zero and covariance matrix C, and assuming errors to be independent and homoskedastic, the hydrodynamic inversion is formulated by a weighted least-squares problem, for which the objective function is defined by (Bard, 1974; Press, 1992) 
where * ϭ *(z,t) and ϭ (z,t,b) are the vectors (size n ϫ 1) containing the observed and simulated water uals; and n is the total number of observations. Covariance matrix C is a diagonal matrix whose elements are measure of water content, with the weighting coefficient equal identical and equal to the variance of the measurement to 1 at the center of the Fresnel zone and to 0 at its limits.
errors. Objective function Eq. [13] is minimized using
We implemented an UWB-SFCW radar system using a the same optimization procedure as for the electromag- 
MATERIALS AND METHODS
24 cm 2 aperture area, and the antenna weight was 1.3 kg. Its A schematic representation of the laboratory experimental nominal frequency range was 0.8 to 5 GHz. The antenna was setup is depicted in Fig. 3 . A tank (1.90 m high, 1 m wide, and connected to the reflection port of the VNA via an N type 0.1 m thick) was filled with sand. To avoid air entrapment, 50-⍀ impedance coaxial cable. We calibrated the VNA at the the sand was packed under water saturated conditions. This connection between the antenna feed point and the cable using resulted in a slight layering similar to natural deposits. The a 50-⍀ OSM (Open, Short, Match) series of a high precision side facing the antenna was made of a 1-cm-thick transparent standard calibration kit (ZVZ21-N, Rohde & Schwarz). This PVC sheet, with known dielectric properties. To control the established a reference calibration plane to which the frequencyboundary conditions of the electromagnetic model, the oppodependent complex ratio S 11 between the returned signal and site side of the tank consisted of a metal sheet, which was asthe emitted signal was measured. Parameter S 11 was measured sumed to reflect perfectly electromagnetic waves. Consesequentially at 301 stepped operating frequencies for the range quently, extraneous laboratory materials behind this metal of 0.8 to 3.2 GHz, with a frequency step of 8 MHz. sheet did not influence the measured backscattered GPR sigAdditionally, the tank was equipped with two TDR probes nal. The antenna was situated about 40 cm from the tank, inserted horizontally into the sand layer at the two monitoring with measurements performed with the antenna situated at depths, at about 35 cm from the center of the tank to avoid two different depths, namely, z 1 and z 2 . The measurement scale interference with GPR. Time domain reflectometry measureof the GPR system depends on the average operating frequency ments were performed with a Tektronix 1502C metallic TDR (f ϭ 2 GHz in this study) and the distance between the antenna cable tester (Tektronix Inc., Beaverton, OR). The probes were and the sand (h ϭ 0.40 m). The measurement scale is expressed constructed in our laboratory and consisted of three stainlessby the Fresnel zone whose radius F r can be computed as steel rods (9.3 cm long and 0.5-cm diameter), with a 2.5-cm rod spacing. The probes were connected to the Tektronix via 2-m-long coaxial cables and BNC connectors. The Tektronix
was connected to a computer with an RS232 interface to numerically acquire the TDR signal. The soil dielectric permittivity and electric conductivity were acquired using the WinTDR where c ϭ 3 ϫ 10 8 m s Ϫ1 is the free space propagation speed of electromagnetic waves. In the hydrodynamic model, we 98 program (Soil Physics Group, Utah State University, Logan, UT; Or et al., 1998). In the hydrodynamic model, the TDR meaconsidered a linearly weighted averaging scheme for the GPR
RESULTS AND DISCUSSION Hydrodynamic Inversion of Synthetic Data
Using synthetic experiments with error-free and error-contaminated data we first demonstrate that measured soil moisture time series at the two specified depths for our specific laboratory conditions leads to a unique and stable solution for the hydrodynamic inverse problem. The boundary conditions used for the synthetic experiments were the same as for the real experiment. The soil properties (true parameters) used to generate the synthetic data were those of the actual sand determined by conventional direct laboratory methods. Inversions were performed in a large parameter space given by [0.010 Ͻ ␣ Ͻ 0.050 cm
. Results are presented in Table 1 . We can observe free data correspond exactly to the true parameters. This demonstrates that enough information is contained, surement scale was assumed to correspond to the model disat least theoretically, within the soil moisture time series cretization (i.e., 2 cm).
to ensure a unique solution. Synthetic water content
Starting from complete saturation, the sand was allowed to data were subsequently corrupted with normally distribdrain by progressively decreasing the bottom pressure head uted errors with a mean of 0.01 m 3 m Ϫ3 and a standard to zero. Soil moisture time series were monitored using both deviation of 70 ϫ 10 Ϫ4 m 3 m Ϫ3 (the standard deviation TDR and GPR. The water content was derived from the difor the GPR data shown in Fig. 4) . Results show that the electric permittivity using the sand specific relations presented impact of these errors on the inversely estimated pain Fig. 4 . These relations were determined by Lambot et al. rameters is acceptable, which indicates the good stability affects the electromagnetic wave propagation time between these two reflectors. The oscillating behavior of the time domain signal stems from the limited frequency setup in relation to the electromagnetic model assumpSoil moisture time series derived from GPR signal inversion are compared in Fig. 6 with time series obtained tions, we attribute the origin of the observed discrepancies mainly to (i) the frequency dependence of the dielecfrom TDR measurements. Results for GPR are very consistent regarding the drainage experiment. The water contric properties of the sand, which were not accounted for in the present study; (ii) the ambiguous noise due tent at depth z 1 first decreases, followed by the water content at depth z 2 , slowly reaching a state of hydrostatic to extraneous scattering by objects present in the laboratory; (iii) the finite size of the tank (the approximation equilibrium with a water table at depth z b (Fig. 3) . For TDR, the results are less consistent. After the first 50 min of an infinite medium may be incorrect, particularly at the lower frequencies); and (iv) errors in determining the of drainage, the water content pertaining to depth z 2 reached lower values than the water content at depth antenna transfer functions. However, we note that the effect of these different sources of error on the water z 1 . This is attributed mainly to variability in the sand properties at the TDR measurement scale. Our packing content should be negligible since, as illustrated by the time domain representation of the Green's functions, of the tank led to a slight layering in the sand, which may have influenced local soil moisture and water flow the propagation time is very well modeled. The propagation time is directly related to the phase of the frequency dynamics. Because of its larger measurement scale, GPR is less susceptible to this inherent local variability. Addidomain complex Green's function, which is closely reproduced, except for frequencies where the amplitude tionally, systematic TDR measurement errors are not to be excluded. Indeed, different travel time analysis of the Green's function is low or tends to go to zero. In this case, small errors on the real and imaginary parts methods can lead to differences as high as 0.04 m 3 m Ϫ3 for the same waveform (Huisman et al., 2002) . Also, of the Green's function can result in large errors in the phase. This is an artifact of representing the complex travel time analysis parameters are often fixed by users who then visually test whether or not the analysis is data in terms of modulus and phase. performed correctly. However, it is difficult to obtain a discrepancies, and even larger, in estimated hydraulic conductivities using inversion of infiltration data. The set of travel time analysis parameters that do not need to be changed during processing of TDR measurements prediction from TDR data was significantly overestimated (two orders of magnitude). This is due to the for a wide range of soil water contents. In our study we did not change those parameters.
combined effect of a large modeling error in the prediction of the water content time series, and high correlation between K s and (r ϭ 0.9816). The effect of a
Water Content Time Series Inversion
large K s on the unsaturated hydraulic conductivity is Modeled soil moisture time series obtained by hydrocompensated by a large , which denotes substantial dynamic inversion are presented in Fig. 6 . The GPR tortuosity in soil structure. We attribute the differences time series were well reproduced by the hydrodynamic in the hydraulic properties determined by the three model. In contrast, the TDR data were not well repromethods mainly to the different samples perhaps having duced because of important modeling and/or measuredifferent structural properties (bulk density). ment errors, as explained in the above section. The
The corresponding water retention and hydraulic conhydraulic parameters obtained by model inversion are ductivity functions are presented in Fig. 7 . The inversely depicted in Table 1 for both TDR and GPR and comestimated curves are all very characteristic of a sandy pared with the parameters obtained using conventional soil, but with some important differences. In particular, direct laboratory methods. A difference of one order the saturated water contents for GPR and TDR are of magnitude occurs between the directly determined higher than for the direct measurements. Most of the saturated conductivity and the GPR derived estimate. discrepancies stem from measurement and calibration This type of error in the saturated conductivity is comerrors inherent to the different characterization techmonly observed for direct measurements (Schaap and niques, but also from the different measurement scales. Leij, 2000) . Bruckler et al. (2002) also observed such For anisotropic and heterogeneous porous media as inherently encountered in the environment, effective soil physical properties depend on the measurement scale (Yeh et al., 1985; Khaleel et al., 2002) . This finding reflects the variability in the sand bulk density among the different samples. Figure 8 represents relations between the electric conductivity and dielectric permittivity for the GPR and TDR measurements pertaining to depth z 1 . Notice that, as for TDR, the GPR derived electric conductivities are very consistent with the different dielectric values or water contents. This means that the GPR technique used is appropriate for measuring this variable as well, and hence offers great promise for monitoring solute transport. The relations observed for TDR and GPR are slightly different. This can be explained by the different
Electric Conductivity

